Introduction: A venous leg ulcer (VLU) has a major impact on the quality of life and functional ability of individuals, but no single treatment is yet effective. This study investigates the changes induced by dorsiflexion exercise on skin perfusion in VLU patients to achieve a better understanding of venous ulcer pathophysiology. Methods: Seventy-eight venous leg ulcer patients were randomised into four groups. The non-exercise groups included a control group (n = 18) and a compression therapy group (n = 20) and the exercise groups included an exercise-only group (n = 20) and a compression and exercise group (n = 20). The exercise groups were expected to perform exercise for three months. Measurements included transcutaneous oximetry (tcPO 2 ) and laser Doppler flowmetry (LDF). Skin perfusion measurements for all groups were taken twice: at the beginning and end of the three-month period.
Introduction
A venous ulcer is the end result of venous insufficiency (VI) which occurs as a result of a defect in the venous system due to either venous valve damage or the obstruction of veins. VI can lead to venous hypertension, oedema, lipodermatosclerosis and inflammatory changes and, eventually, a venous leg ulcer. 1, 3 The prevalence of venous leg ulcer in the UK is between 1.5 and 3.0/1000 people. In North America, venous leg ulcer affects between 500,000 and 2 million individuals per year. 4 The incidence of venous leg ulcer is likely to increase as an ageing population and its associated risk factors place an even greater burden on health services. 5 Although a VLU is a challenging clinical problem and causes significant stress to both individuals and society, the management of this disease has not changed significantly in years. Not surprisingly, a chronic problem as common as a VLU has led to the development of different modalities of treatment. Compression therapy has been used since 3000 BC and, interestingly, this technique is still the accepted "gold-standard" treatment of VLU worldwide. 6 There is growing evidence that exercise could help in venous ulcer management. It would be very interesting if such a simple, feasible, available and cost-effective solution can help in such a complicated and difficult clinical condition. In the present study, we investigated the effect of exercise on venous leg ulcers by measuring the changes in physiological parameters in response to exercise.
This study aims to investigate the relationship between exercise and venous leg ulcers by identifying the effect of exercise on tcPO 2 and LDF blood flow measurements and to compare these changes with other groups of VLU patients who are not exercising.
Methods
Participants were recruited from the vascular clinic at Hammersmith Hospital, Imperial College Healthcare NHS Trust. Local ethics committee approval was obtained from the South West -Cornwall & Plymouth National Research Ethics Service (11/SW/0307).
All patients met with the investigator, who explained to them the clinical study. Patients who agreed to participate in the study signed an informed consent statement. Participants had a thorough history; clinical examination and primary investigations included ankle brachial pressure index (ABPI) and colour Duplex ultrasound scan to confirm the diagnosis and to determine the competency of the superficial and deep venous systems (Table 1) .
Inclusion criteria: venous leg ulcer patients who were willing to participate in the trial and able to do the exercise.
Exclusion criteria: Patients with cardiovascular disease (CVD), peripheral vascular disease (PVD) (ABPI < 0.8), venous leg ulcer with clinical signs of cellulitis or infection and necrotic tissue or slough, other types of ulcers such as rheumatoid vasculitis, diabetic foot or malignant ulceration, corticosteroid use, participation in a leg ulcer trial within one year, patients who complained of dementia or were disoriented and patients who were unable to perform the exercise.
Study Design
Sample size. A total of 78 VLU patients were recruited from the clinics and divided into four groups. Group 1 was the control group, n= 18; Group 2 received compression therapy only, n= 20; Group 3 performed regular exercise only, n= 20; Group 4 received compression therapy and performed regular exercise, n= 20.
The method of randomization was by computer-generated random numbers sealed in envelopes by a member not allied to the research team. Two of the recruited participants from the control group left the study because of other illnesses.
Participants were assessed at the start of the trial and after three months of regular exercise using the following parameters: transcutaneous oximetry (tcPO 2 ) and Laser Doppler flowmetry (LDF).
Only one VLU per patient was assessed in the study. If a patient had more than one ulcer, the larger/largest one was included. All measurements were taken at the beginning and end of the three-month period. Patients in the exercise groups were expected to perform the exercise regularly and on a daily basis during that period. The four groups were comparable at baseline in terms of age, sex and body mass index ( Table 1 ). All subjects had an ankle brachial pressure index greater than 0.8 and less than 1.2. The data collected were analysed using appropriate statistical methods.
Exercise
The exercise consisted of 10 dorsiflexions every hour; patients were encouraged to perform the exercise in a sitting position (Figure 1 ). Participants in the exercise groups were expected to perform the exercise regularly and on a daily basis. They were given full information about how to perform the exercise and a log book in which to record the time of their activities.
Participants had a thorough demonstration and explanation of the exercise by the investigator and they were asked to perform the exercise several times and received feedback and corrections if needed. The investigator called each participant every 15 days to make sure that the participant was performing the exercise properly.
Measurements
For transcutaneous PO 2 (tcPO 2 ) measurements, the device was calibrated following the recommendations of the manufacturer. The skin was stripped 10-15 times with adhesive tape to remove excessive cells. For the tcPO 2 readings to become stabilised, the measurements were taken 20-25 minutes after applying the probe to the skin.
For the Laser Doppler flowmetry (LDF) measurements, all ulcerations were clean, not inflamed, had no slough or necrosis and were located at the internal perimalleolar area. A small quantity of gel was applied to the skin surface to improve the transmission of laser light through the skin. Laser Doppler recordings can be affected by interference and artefact, 7 therefore, the participant had rested for at least 20 minutes to acclimatise and relax. Subjects were supine and the lower limb was in a stable position with the aid of support. The LDF recording took 30 to 33 minutes. The baseline stage lasted 15 min. Measurements for both tcPO 2 and LDF were taken before 10 am to avoid the effect of a long period of standing or working and, particularly, to avoid the effect of oedema. Measurements were taken at room temperature (22±1°C). The probe was applied on the gaiter area 2 cm from the edge of the ulcer.
Resting skin flux (RF)
Resting skin flux was measured after 30 minutes of lying supine and acclimatisation at room temperature (22±1°C). Intra-observer agreement was (74%, K = 0.54).
Statistical analysis
The methodology used was the linear mixed models for repeated measures, adjusting for group, gender and age. The Bonferroni correction was used for the comparisons between the groups. Gender was not a significant outcome measure.
Statistical analysis tcPO 2
Age was significant (p-value <0.001) and the magnitude of its effect on tcPO 2 is given by -0.17, meaning that a unit increase in age corresponds to a 0.17 decrease in tcPO 2 .
Only Groups 3 and 4 showed a significant increase in tcPO 2 level and both had a p-value <0.001 (Figure 2) . At the beginning of the trial, there was no significant difference between the groups (Figure 2 ). However, after exercise, Group 4 tcPO 2 level was significantly higher than Groups 1, 2 and 3 and Group 3 was higher than Groups 1 and 2 (all corresponding p-values <0.001).
Statistical analysis LDF
Age was significant (p-value <0.001) and the magnitude of its effect on RF is given by 0.102, meaning that a unit increase in age corresponds to a 0.102 increase in RF. Only Groups 3 and 4 showed a significant decrease in RF and both had a p-value <0.001. We compared the groups at the beginning and end of the trial (Figure 3) .
Before the trial, there was no significant difference between groups. However, after the trial, Group 4 was significantly lower than Groups 1 (p-value< 0.001) and 2 (p-value = 0.001). Group 3 was also significantly lower than Groups 1 (p-value< 0.001) and 2 (p-value = 0.009), (Figure 3 ). 
Results

tcPO 2 results
No adverse events (burns, blisters) were recorded. The results obtained in this study showed low tcPO 2 baseline measurements in all venous ulcer patients; however, post-exercise tcPO 2 levels were different in those who performed exercise (Table 2) .
During three months of regular exercise, Group 4 patients (compression and exercise group) significantly increased their tcPO 2 level (p<0.001) from 16.97±4.02 before exercise to 33.01±10.08 after exercise (Table 2 ). In Group 3 (exercise-only group), there was an increase in the tcPO 2 level from 17.07±3.66 (pre-exercise) to 22.40±5.51 (post-exercise).
In Groups 1 and 2 (no exercise groups), the tcPO 2 levels of the participants did not change dramatically during the three-month period (Table 2) .
LDF results
The RF significantly decreased after three months of exercise in Group 4 (exercise and compression group) from 8.39±1.52 (before exercise) to 6.02±1.62 (after exercise) (p<0.001) ( Table 3 ). In Group 3 (exercise-only group), it was from 7.87±1.33 (before exercise) to 6.59±1.53 (after exercise) ( Table 3) .
Discussion
In patients with chronic venous insufficiency (CVI), studies have found that there is a backflow of venous blood from diseased veins into the dermal microcirculation through incompetent valves. Stagnated venous blood which contains a low haemoglobin oxygen concentration is considered to be a main factor for developing skin ulceration. 8, 9 Lack of exercise and a limitation of movement in VLU patients might contribute to venous hypervolemia.
Researchers have found that regular foot movement increases the velocity of the venous stream, decreases the pressure on the luminal side of the valve leaflets and initiates valve closure. 10 Joachim et al. suggested that sufficient haemoglobin oxygenation is maintained during walking and exercise only and the elimination of this factor whilst in the sitting position might contribute to the development of venous leg ulcers in CVI. 8 We demonstrated that patients suffering with chronic venous insufficiency have low tcPO 2 levels. This study showed that low tcPO 2 values improved significantly in participants who exercised regularly for a period of three months (p-value <0.001). Patients who performed We found that age was a significant factor in tcPO 2 level (p<0.001). As age increases, the tcPO 2 level decreases. The explanation for this could be due to the dilatation of veins from the ageing process.
Over the last thirty years, Laser Doppler flowmetry (LDF) has been reported to be a good indicator of skin microcirculation. Belcaro et al. reported that LDF could be used to evaluate and quantify microangiopathy changes in patients with chronic venous insufficiency. 11 They also demonstrated that an increase in RF can generally be considered to be an index of venous hypertensive microangiopathy and vice versa. Similar findings were reported by Maessen-Visch et al. who found that the RF in CVI individuals increased compared with normal skin, while the tcPO 2 was low in CVI subjects compared with healthy controls. 12 These findings are similar to our own.
In the present study, we demonstrated that there is a change in LDF parameters (RF) in response to exercise. Resting flux decreased significantly after three months of exercise in the exercise-performing groups. RF showed a significant decrease in Groups 3 and 4 (p<0.001) and particularly in Group 4, while there was no change in Groups 1 and 2 (no exercise groups). These findings explain the effect of exercise on LDF findings. This study also showed an increase in LDF measurements (RF) with age (p<0.001), showing that microvascular findings in VLU changed significantly with advancing age.
Our findings showed that exercise had a demonstrable effect on skin perfusion parameters in VLU patients. These parameters may be considered a useful tool when evaluating the microvascular changes in the venous ulcer area and can be used as a measurement for healing and follow-up of venous leg ulcer treatment.
The study has also demonstrated the need for more work to be conducted. Future work is important in the standardisation of ulcer-healing parameters in different groups of patients, at different centres throughout the world and with a larger number of participants.
In addition, the influence of exercise on VLU needs to be investigated on other groups of patients who were not included in this study, such as those individuals with diabetes mellitus, PVD and CVD. Those types of patients would have other comorbidities that might affect the physiological measurements whilst, at the same time, constituting a significant number of VLU patients.
